c Several intracellular pathogens, including a key etiological agent of chronic periodontitis, Porphyromonas gingivalis, infect blood myeloid dendritic cells (mDCs). This infection results in pathogen dissemination to distant inflammatory sites (i.e., pathogen trafficking). The alteration in chemokine-chemokine receptor expression that contributes to this pathogen trafficking function, particularly toward sites of neovascularization in humans, is unclear. To investigate this, we utilized human monocytederived DCs (MoDCs) and primary endothelial cells in vitro, combined with ex vivo-isolated blood mDCs and serum from chronic periodontitis subjects and healthy controls. Our results, using conditional fimbria mutants of P. gingivalis, show that P. gingivalis infection of MoDCs induces an angiogenic migratory profile. This profile is enhanced by expression of DC-SIGN on MoDCs and minor mfa-1 fimbriae on P. gingivalis and is evidenced by robust upregulation of CXCR4, but not secondary lymphoid organ (SLO)-homing CCR7. This disruption of SLO-homing capacity in response to respective chemokines closely matches surface expression of CXCR4 and CCR7 and is consistent with directed MoDC migration through an endothelial monolayer. Ex vivo-isolated mDCs from the blood of chronic periodontitis subjects, but not healthy controls, expressed a similar migratory profile; moreover, sera from chronic periodontitis subjects expressed elevated levels of CXCL12. Overall, we conclude that P. gingivalis actively "commandeers" DCs by reprogramming the chemokine receptor profile, thus disrupting SLO homing, while driving migration toward inflammatory vascular sites.
T he "keystone" (1) anaerobic mucosal pathogen Porphyromonas gingivalis is a main etiological agent of chronic periodontitis, a disease that affects more than one-half of the adult U.S. population (2) . Chronic periodontitis is characterized by formation of a biofilm that triggers host-mediated tissue and bone destruction and increases the overall risk for several inflammatory diseases (3) . Treatment involves the debridement and removal of the pathogenic biofilm that continually builds over time (4) . P. gingivalis is not eliminated from these infections, but rather induces reoccurring bouts of low-grade inflammation, which further increases tissue destruction (5) . It is not presently clear how this pathogen evades elimination by the adaptive immune system. Dendritic cells (DCs) are a unique group of leukocytes that are critical for antigen clearance and for mounting efficient adaptive immune responses (6) . Circulating blood DCs generally are divided into two subpopulations, the plasmacytoid (pDC) and myeloid (mDC) lineages. Specifically, mDCs are believed to be important in both the clearance and processing of bacterial pathogens and apoptotic cells, along with the associated antigen display (7, 8) . Blood mDCs navigate in and out of tissues to survey the environment and control homeostatic and immune responses (9) . Proper homing of DCs is dependent on their maturation state and the resulting profile of chemokine receptors expressed (10, 11) . DC migration is highly regulated and crucial for host immune maintenance (12) . Dysregulation of immune cell migration impairs immune response and contributes to human inflammatory diseases (13, 14) , including asthma (15) , periodontitis (16, 17) , and coronary artery disease (18, 19) .
DCs are highly migratory but lack robust bactericidal capabilities (20, 21) . Our group has previously reported that P. gingivalis takes advantage of these DC characteristics by infecting DCs and being routed into a protective niche that shields P. gingivalis from more-efficient extracellular killing (22) . Optimal infection of DCs by P. gingivalis is dependent on its glycosylated minor (mfa-1) fimbrial adhesin, which targets the c-type lectin dendritic cell specific ICAM-3 grabbing nonintegrin (DC-SIGN) for entry (23) . Previously, this has been shown to mediate suboptimal DC maturation and modulate the effector response from a proinflammatory Th1-biased to a Th2-biased response (24) . Another aspect of maturation is the shift in chemokine receptor expression that drives directed migration of DCs toward secondary lymphoid organs (SLO). This is particularly pertinent in view of evidence that P. gingivalis disseminates from its oral mucosal niche to distant sites, such as the respiratory tract (25) , atherosclerotic plaques (26, 27) , arthritic lesions (28) , and the gut (29) . We have shown that blood mDCs disseminate P. gingivalis to atherosclerotic plaques (22) , but the mechanisms are not clear.
A major control point for DC migration is their activation and maturation status. This is initiated upon migration of immature DCs into peripheral tissues, in a process controlled by chemokine receptor-ligand pairs CCR2-CCL2, CCR5-CCL5 (RANTES), and CCR6-CCL20 (MIP3␣). As DCs migrate and acquire antigen, CCR2, CCR5, and CCR6 are downregulated (30) , triggering efflux from peripheral tissues. Further maturation upregulates CCR7 to facilitate SLO homing (31) toward CCL19/21 (MIP3␤, 6Ckine), which guide DCs through afferent lymphatics into T cell-rich zones of draining lymph nodes. CCR7 facilitates DC interaction with naive or antigen-specific T cells (32) . DCs can then present antigen to T lymphocytes (33) and dictate the magnitude and specificity of immune responses. The lack of CCR7 expression disrupts SLO homing of DCs (34) . CXCR4, in contrast, is involved in proangiogenic mobilization (35) into peripheral blood (36) . It is broadly expressed on hematopoietic stem cells and vascular endothelial cells (37) and is expressed on earlystage DCs (38) . CXCR4 is highly expressed on metastasizing cancer cells (39) . In animal models, specific blocking of CXCR4 prevents tumor neovascularization (40) . A major characteristic of chronic periodontitis is extensive vascular remodelling and angiogenesis (41) . Both CXCR4 (42) and CXCL12 (43, 44) have been found to be elevated locally in the tissues during chronic periodontitis.
We show here, using wild-type or conditional knockout P. gingivalis strains that are cultured in media containing selective antibiotics to prevent expression of DC adhesive fimbriae, that P. gingivalis infection of monocyte-derived DCs (MoDCs) is fimbria dependent and disrupts functional maturation of DCs in vitro, as evidenced by robust upregulation of CXCR4, but not CCR7. This phenotype is consistent with migratory function of infected MoDCs through a membrane or through internal thoracic aortic endothelial cells (ITECs) in response to the respective chemokine. Blood mDCs isolated from patients with chronic periodontitis express a similar migratory phenotype. Moreover, sera from chronic periodontitis subjects express elevated levels of CXCR4 ligand CXCL12 compared to those of healthy controls. These data, combined with our previously published evidence for P. gingivalis dissemination within mDCs to coronary artery plaques (22) , provide a mechanistic framework for how this intracellular pathogen directs its dissemination in DCs in vivo.
MATERIALS AND METHODS
Patient study population. Analysis of patient peripheral blood mDCs was conducted with approval from the Office of Human Research Protection (OHRP) at Georgia Regents University. The cohort of chronic periodontitis subjects consisted of 8 subjects with moderate to severe disease as determined by exhibition of the following: probing depth of Ͼ4 mm, attachment loss of Ͼ3 mm, bleeding on probing, and alveolar bone crest Ͼ3 mm from the cementoenamel junction. Protocols for healthy mDC and sera were approved by the Committee on Research Involving Human Subjects (CORIHS) at Stony Brook University. The study population and demographics have been previously outlined (22) .
Bacterial culture growth conditions, bacterial labeling, and MoDC infection. Wild-type (WT) Pg381, which expresses both minor (min) and major (maj) fimbriae (Pg min ϩ /maj ϩ ), isogenic major fimbria-deficient mutant DPG3, which expresses only the minor fimbriae (Pg min ϩ /maj Ϫ ), and the double fimbria mutant MFB (Pg min Ϫ /maj Ϫ ) were maintained anaerobically (10% H 2 , 10% CO 2 , and 80% N 2 ) at 37°C (45, 46) in Acumedia Wilkins-Chalgren anaerobe broth. Erythromycin (5 g/ml) and tetracycline (2 g/ml) were added according to the selection requirements of the strains (47) . Bacteria were washed once in phosphate-buffered saline (PBS) and stained with carboxyfluorescein succinimidyl ester (CFSE) (eBioscience) as described for flow cytometry (48) . Briefly, bacteria in PBS were stained with CFSE at a final concentration of 5 M for 30 min at 37°C and protected from light. The bacterial suspension was washed three times in PBS and resuspended to an optical density at 660 nm (OD 660 ) of 0.11, which had previously been determined to be equal to 5 ϫ 10 7 CFU (49). approved all studies involving human blood samples from healthy volunteers. Written informed consent was obtained from all volunteers, and all research was conducted in accordance with the guidelines provided by the Declaration of Helsinki. MoDCs were generated as we have described previously (50, 51) . Briefly, monocytes were isolated from mononuclear fractions of the peripheral blood of healthy donors and seeded in the presence of granulocyte-macrophage colony-stimulating factor (GM-CSF) (100 ng/ml) and interleukin-4 (IL-4) ( Flow cytometry gating strategies. All flow samples were analyzed using an Accuri C6 flow analyzer and with CFlow Plus analysis software. Gates were chosen using suspension cell forward scatter and side scatter characteristics. Nonadherent MoDCs typically fall within a forward scatter height (fsc-h) of 300 to 600 and a side scatter height (ssc-h) of 100 to 200 (ϫ 1,000). Antibody staining was determined by running an unstained control and single-stain controls to determine necessary compensation. Undifferentiated monocytes, lymphocyte carryover, and debris were excluded from analysis. All cells were blocked in 5% bovine serum albumin (BSA) containing Human FcR blocker (MACS 130-059-901), and single-stained antibodies were used for compensation.
Analysis of surface migration receptors. Cells were prepared for analysis by flow cytometry as previously described. Levels of CCR2, CCR5, CCR6, CXCR4, and CCR7 expression were determined using the following MAbs: R&D Systems CCR2 (FAB151C), BD CCR5 (555992), and eBioscience CXCR4 (12-9999-42) , CCR6 (12-1969-42) , and CCR7 (17-1979-42) . DCs were gated based on size and scatter characteristics and analyzed for receptor expression. For the percent positive DC populations, negative and positive populations were determined using unstained and single-stained controls, and cells falling into the positive populations were represented as the percentage of total cells. For evaluation of mean fluorescence intensity (MFI), the MFI of each DC population was reported after applying compensation from single stains.
Chemotaxis and endothelial migration assays. For endothelial migration assays, 6.5-mm transwell inserts with 5-m pore size (Costar product number 3421) were used in 24-well plates. The bottom reservoir of these plates contained 600 l of RPMI medium (Costar) with either 100 ng of CCL19 or CXCL12 or 1 g of CCL19 for forced matured MoDCs (PeproTech). Before ITEC seeding, transwell inserts were coated with 5 g/ml fibronectin (Sigma) for 45 min and allowed to dry. ITECs were then seeded in the inserts at a concentration of 1 ϫ 10 5 ITECs/100 l serum-free medium (Cell Applications catalog no. 113PR) and grown as a monolayer for 24 h. To confirm confluence of ITECs, inserts were monitored by inverted light microscopy (Evos XL Core). After 24 h, medium was removed, and P. gingivalis-infected MoDCs were loaded into the upper chambers at a concentration of 1 ϫ 10 5 MoDCs in 100 l of medium and allowed to migrate for 3 h at 37°C and 5% CO 2 . After 3 h, bottoms of the inserts were washed with ice-cold PBS to remove migrated but at-tached cells, and the reservoir medium was collected. The migrating cells were counted by flow cytometry for a fixed volume of 100 l at a constant rate. The number of cells migrating was determined using the following equation: (number of treated cells migrating) Ϫ (number of untreated cells migrating). DC migration distance was determined using a 48-well microchemotaxis chamber (P48; NeuroProbe) (52) . Migration distance (m) was determined with leading-edge analysis after hematoxylin staining by using a 40ϫ objective lens and subtracting migration distance without chemokine from migration distance with chemokine. MoDCs were infected as in the flow experiments described above. Cells were washed and resuspended in 0.5% BSA at a concentration of 1 ϫ 10 5 cells/50 l. Cells were loaded into upper compartments and allowed to migrate through nitrocellulose filters (SCB8; NeuroProbe) for 3 h. Chemoattractants CXCL12 and MIP3␤ were also resuspended in 0.5% BSA and loaded into the upper chamber with MoDCs or in the bottom compartment as indicated. The synthetic compound AMD3100 (Tocris) was used at a final concentration of 25 M to block CXCR4 on MoDCs (53). Filters were stained using Harris modified hematoxylin (SH30-500D; Fisher), and leading-edge migration depths were determined under a 40ϫ objective lens (54) . All samples were loaded and assays performed in triplicate.
CXCL12 gene expression. ITECs were plated at 1.0 ϫ 10 5 in 6-well plates and were infected with Pg381 at MOIs of 0.1, 1, 10, and 100 for 24 h in serum-free medium (catalog number 113PR; Cell Applications). After 24 h, supernatants were collected and cells were used for RNA isolation and quantitative PCR (qPCR). For qPCR analysis, RNA was isolated from ITECs (catalog number 74134; Qiagen), and mRNA was quantified by One-Step qPCR (product number A10316; Invitrogen) on a StepOne Plus thermocycler (AP Biosystems) with StepOne software v2.2.2. CXCL12 (TaqMan Hs00171022_m1) primers were used to detect respective gene amplification.
CXCL12 ELISA. Human umbilical vein endothelial cells (HUVEC) were isolated via collagenase perfusion of umbilical vein as previously described (55) and plated at 1 ϫ 10 5 cells/ml of serum-free EBM-2 medium (CC-3156; Lonza) in 6-well plates. HUVEC were treated with Pg381, DPG-3, MFB, or 100 ng/ml IL-1␤ for 24 h in serum-free medium before culture supernatants were collected. Supernatants from cell cultures were collected, centrifuged to remove extracellular debris, and measured using a CXCL12 enzyme-linked immunosorbent assay (ELISA) kit (product number 100637; Abcam) according to the manufacturer's instructions. ITECs from the above-described treatments and HUVECs were each measured in triplicate on a microplate reader (Epoch; BioTek) at a wavelength of 450 nm with a correction wavelength of 540 nm. Samples were run in triplicate alongside standards to calculate secreted protein in pg/ml. The means (Ϯ standard errors of the means [SEM]) were compared using the Holm-Sidak unpaired Student t test to find significant differences among the various populations.
Statistical analysis. For statistical analyses of receptor expression, experimental samples were compared with uninfected controls or between P. gingivalis strains of infection using unpaired Student t tests of the means from at least 5 different flow experiments. Statistical significance was calculated using GraphPad Prism 6 software, and only results with a P value of Ͻ0.05 were reported as significant (␣, P Ͻ 0.05; *, P Ͻ 0.01). Holm-Sidak unpaired t tests were used for the comparison of multiple populations of treatments for in vitro experiments. All in vitro experiments are from at least 3 individual experiments. A multiple-comparison two-way analysis of variance (ANOVA) test was performed for ex vivo experiments comparing chronic periodontitis to healthy control patient groups.
RESULTS

P. gingivalis-infected
MoDCs do not express mature chemokine receptors. Surface protein expression of CXCR4, CCR7, CCR5, and CCR6 were analyzed on human MoDCs after treatment with P. gingivalis strains. The strains (green trace) included the following: DPG-3, which only expresses the DC-SIGN-targeting mfa-1 fimbrial adhesin; Pg381, a wild-type strain that expresses both fimA and mfa-1; and MFB, a double fimbria mutant. Fimbria-mediated P. gingivalis invasion of MoDCs has been shown to be highly efficient, while nonfimbriated uptake, as with strain MFB, is close to zero (56) . For positive controls (red trace), we utilized a cocktail of E. coli LPS/ TNF-␣ or whole, inactivated E. coli. Other intracellular pathogens that target DC-SIGN (57-59) disrupt DC maturation by dampening accessory molecule upregulation (60, 61) , but the effects on DC migration have not been reported. A multiplicity of infection of 1 was used for these experiments to reproduce the natural infection rate of human blood mDCs in patients with chronic periodontitis in vivo (22) . Summary data are provided as the percentages of MoDCs expressing the indicated chemokine receptor, as we find that the populations of MoDCs highly upregulate CXCR4 but do not have enhanced expression on a cell-to-cell basis. Both Pg381 and DPG-3 induce a more robust upregulation of CXCR4 than the nonfimbriated MFB strain (Fig. 1, panel 1) , without significant differences observed between Pg381 and DPG-3. None of the P. gingivalis strains induced CCR7 upregulation on MoDCs; however, MoDCs are capable of CCR7 upregulation in response to either E. coli LPS/ TNF-␣ or whole E. coli (Fig. 1, panel 2 ). All treatments resulted in decreased CCR5 and CCR6 expression (Fig. 1, panels 3 and 4) , albeit slightly lower CCR6 downregulation was observed in the Pg381-treated MoDCs.
CFSE-stained intracellular P. gingivalis in MoDCs correlates with increased CXCR4 but not CCR7. To determine if surface CXCR4 expression in MoDCs correlates with bacterial burden, strains were fluorescently labeled with CFSE before infections (Fig. 2) . As previously reported, fimbriated strains of P. gingivalis show much higher uptake in MoDCs than the nonfimbriated strain. MoDCs with visible P. gingivalis uptake (green dots) had high expression of CXCR4 (red dots) relative to basal levels ( Fig.  2A and B) . The nonfimbriated MFB P. gingivalis or the inflammatory cocktail did cause some CXCR4 upregulation over the control level, but this was significantly less than the fimbriated P. gingivalis infections (Fig. 2B) . In Fig. 2C , the same CXCR4 ϩ and CFSE-Pg ϩ MoDC populations were analyzed for CCR7 upregulation. We observed that CXCR4-expressing, P. gingivalis-infected cells (green and red dots) have a slight increase in CCR7 (Fig. 2C) . Only control MoDCs treated with the inflammatory cocktail, which were not infected with P. gingivalis, showed a significant upregulation of CCR7 (Fig. 2D) . Taken together, these results showed that P. gingivalis infection drives CXCR4 expression in MoDCs, but not CCR7 expression.
Chronic periodontitis patient blood mDCs express an angiogenic migratory phenotype, and chronic periodontitis sera have increased levels of CXCL12. To determine the in vivo relevance of this chemokine receptor profile, we analyzed peripheral blood mDCs from patients with chronic periodontitis. At the time of patient mDC isolation, antibody to CCR2 was available, so we analyzed CCR2 expression, as opposed to CCR6, as a similar mediator of immature mDC recruitment into inflamed tissues toward chemokine gradient (55, 62) . Relative to healthy controls, the chronic periodontitis patients' mDCs expressed significantly lower levels of the immature receptors CCR2 and CCR5, did not have significant changes in the levels of CCR7 expression, and displayed significantly elevated CXCR4 expression (Fig. 3A) . Interestingly, CCR2 is expressed on a lower number of mDCs, but at higher intensity, in the chronic periodontitis group.
As CCR2 is expressed slightly earlier in sequence than CCR6, this could suggest that chronic inflammation or bacteremia may lead to slight, but attenuated, maturation of circulating DCs. We next analyzed patient sera and found that CXCR4 ligand CXCL12 was elevated in chronic periodontitis sera compared to healthy controls (Fig. 3B ).
MoDCs infected with P. gingivalis are responsive to the CXCR4 ligand CXCL12 but not to the CCR7 ligand CCL19. Next, we assessed the functionality of this chemokine receptor phenotype by analysis of the directed migration of P. gingivalisinfected MoDCs toward CXCL12 and CCL19. This was conducted using both a 48-well microchemotaxis Boyden chamber ϩ strains (WT, DPG-3) caused a more significant upregulation of CXCR4 than other treatments. E. coli LPS/TNF-␣ and E. coli treatment did not cause CXCR4 upregulation (panel 2). P. gingivalis did not cause significant upregulation of CCR7 as in controls (panels 3 and 4). Treatments resulted in a significant downregulation of CCR5 and CCR6. ␣, P Ͻ 0.05; *, P Ͻ 0.01. (Fig. 4A to C) and 24-well chemotaxis transwell inserts (Fig. 4D) . This allowed us to quantitate the relative distances traveled (Fig.  4A to C) and analyze the total number of MoDCs migrating (Fig.  4D) . P. gingivalis infection of MoDCs did not cause significant chemotaxis toward SLO-homing chemokine CCL19 with any of our strains (Fig. 4A) . Only the inflammatory cocktail drove significant CCL19-directed migration of MoDCs (Fig. 4A) . MoDC migration toward CXCL12 upon infection with fimbriated P. gingivalis was significantly increased over that of untreated MoDCs (Fig. 4B ). Controls show a basal level of CXCL12-directed migration due to basal CXCR4 expression, but the CXCL12-driven migration was significantly higher in WT Pg381-infected MoDCs at increasing concentrations of CXCL12 (Fig. 4B) . To further confirm that this migration was CXCR4 specific, P. gingivalis-infected MoDCs were pretreated with the CXCR4-specific blocking compound AMD3100. Treatment with AMD3100 completely abrogated migration of MoDCs in response to CXCL12 (Fig. 4C) .
A transwell insert chemotaxis assay was then implemented to determine the ability of infected MoDCs to migrate through an endothelial barrier (Fig. 4D) . Pg381-infected MoDCs were applied to a monolayer of internal thoracic endothelial cells (ITECs), with the addition of chemokines to the bottom compartment, and the relative number of MoDCs migrating through the barrier was calculated. The presence of the endothelial monolayer was ensured using inverted light microscopy and trypan blue staining. When CXCL12 was added to the bottom compartment, MoDCs were highly migratory through the ITEC barrier (Fig. 4D ). Yet, when the same concentration of CCL19 was placed in the bottom compartment, MoDCs did not significantly migrate through the ITEC barrier (Fig. 4D) .
P. gingivalis-infected MoDCs are capable of expressing CCR7 and migrate toward CCL19 when stimulated with inflammatory cocktail treatment. To determine if this migratory blockade can be overcome by forced maturation, P. gingivalis-infected MoDCs were treated with E. coli LPS and TNF-␣ for an additional 24 h. This additional treatment resulted in increased CCR7 expression on MoDCs (Fig. 5A and B) and restored CCL19-directed migration of infected MoDCs (Fig. 5C ). Vascular endothelial cells as a source of CXCL12. We hypothesized that the vascular endothelium was a significant source of CXCL12 driving DC angiogenic migration. We therefore investigated CXCL12 secretion by human umbilical vein endothelial cells (HUVEC) and ITECs in response to P. gingivalis infection and inflammatory stimulation. CXCL12 was induced by WT Pg381 at both transcript and protein levels in ITECs, in a dosedependent manner (Fig. 6A and B) . P. gingivalis-treated and LPS cocktail-treated HUVECs both had upregulated CXCL12 protein secretion compared to mock, untreated HUVEC (Fig. 6C) .
DISCUSSION
We have shown that both human MoDCs and peripheral blood mDCs from patients with the oral mucosal infection chronic periodontitis have a unique migratory profile, characterized by high CXCR4 expression but low expression of SLO-homing CCR7, compared to uninfected or healthy controls. This lymphoid-homing "blockade" was observed after infection of MoDCs with live, fimbriated P. gingivalis, which did not drive CCR7 upregulation typical of other infections (63) (64) (65) . The migration patterns of P. gingivalis-infected MoDCs matched this receptor profile, with directed migration toward the CXCR4 ligand CXCL12, but not toward CCR7 ligand CCL19. Upon forced maturation, however, P. gingivalis-infected DCs can upregulate CCR7 and become responsive to CCL19, and thus this migratory deficiency can be overcome. Additionally, HUVECs and ITECs challenged with P. gingivalis and activating stimuli were observed to activate CXCL12 protein secretion. Patient sera from a chronic periodontitis cohort also displayed increased CXCL12 compared to healthy controls. This migratory blockade should have functional consequences for immune homeostasis, i.e., by preventing P. gingivalis-infected DCs from homing to secondary lymphoid organs, instead directing these DCs to sites of vascularization.
CCR7 is essential for trafficking of antigen-bearing DCs to T cell zones in lymph nodes. While other chemokine receptors can aid in DC migration through lymphatics, only CCR7 can provide the ability for correct compartmental positioning and stimulation of robust CD4 and CD8 T cell responses (66) . We show that DC-SIGN ligation by mfa-1 ϩ P. gingivalis may disrupt DC homeostasis by disrupting the migratory ability of DCs toward CCL19 and promote DC migration toward CXCL12. This is evident by the comparable upregulation of CXCR4 driven by wild-type Pg381 and the mfa-1 ϩ DPG-3 strain, but not by the nonfimbriated MFB strain. Moreover, the chemokine expression profiles of Pg381-and DPG-3-treated MoDCs are similar, albeit Pg381 led to dampened CCR6 downregulation. Hence, it appears the mfa-1/DC-SIGN interaction is important for driving CXCR4 upregulation, without stimulating CCR7 expression, but other bacterial factors may also contribute to the loss of immature receptors. Previous work indicates that CXCL12 is elevated during chronic periodontitis (67) , and upregulation has already been shown to be crucial to mobilizing stem cells into the blood by following a CXCL12 gradient toward blood circulation (68) . CXCL12 recruits endothelial progenitors to sites of neovascularization. Our data provide a plausible mechanism of pathogen-trafficking through the blood within DCs, as we have previously shown in vivo, but until now the mechanism was unclear (22) . We propose that low-grade, chronic infections can disrupt DC homeostasis (69) , preventing resolution of infection, and thereby prolonging inflammatory diseases (70, 71) and potentially contributing to autoimmune disease (72, 73) .
To further examine the chemokine receptor expression on subpopulations of P. gingivalis-infected MoDCs, we labeled our bacteria with CFSE prior to infection. This revealed that mfa1 ϩ P. gingivalis strains had rates of infection in MoDCs at an MOI that mimics natural clinical infection rates. The CFSE-positive MoDCs displayed upregulated surface CXCR4 but did not induce any detectable CCR7 expression over immature controls. Thus, P. gingivalis infection of MoDCs correlates with high CXCR4 expression and low CCR7 expression. This disruption of chemokine receptor switching is evident in both infected MoDCs and mDCs from 5 /well) were migrated through a monolayer of ITECs in response to 100 ng/ml of either CXCL12 or CCL19 in the bottom compartment of the transwell inserts. Only infected MoDCs responding to CXCL12 were able to significantly migrate through the endothelial barrier. *, P Ͻ 0.01. chronic periodontitis patients, as it appears that infection leads to a downregulation of early chemokine receptors CCR5/CCR6 and CCR2, respectively, but in the absence of CCR7 upregulation. The infected MoDCs were capable of expressing CCR7 and responding to CCL19 after we induced maturation with E. coli LPS and TNF-␣. LPS is a strong inducer of NF-B in activating DCs. This secondary stimulation restores typical antigen-bearing DC migration and demonstrates that mfa-1 ϩ P. gingivalis does not actively suppress CCR7 but fails to induce expression. This potentially demonstrates the importance of the location of the DC and the abundance of inflammatory signals for proper resolution of infection and also demonstrates a potential therapeutic approach to alleviating this dysregulation. We show that this oral pathogen fails to properly upregulate CCR7 after capture, which greatly impedes adaptive immunity and has broad consequences for many chronic infections.
High prevalence rates of chronic periodontitis stress the potential impact of P. gingivalis-laden DCs on human systemic health, most notably the DC migration patterns. During chronic periodontitis, it has been shown that the peripheral blood myeloid DC (mDC) pool expands, commensurate with detectable intracellular P. gingivalis (22) . DCs have been shown to provide a protective niche for this anaerobe, whereas other immune cells, such as neutrophils, are very efficient at killing P. gingivalis (22) . Due to the constant low-grade bacteremia during chronic periodontitis (74) , P. gingivalis translocation may be a periodic and ongoing event. Not surprisingly, DC infiltrates are a common occurrence at inflammatory sites (75) , revealing a mechanism that can apply to a broad range of pathogenic organisms (76) . Pathogens that can manipulate DCs and cause reentry into the bloodstream generate a mode of dissemination to various distant sites within the body. The events leading to reentry of DCs into the bloodstream remain unclear, but hypoxia, common in diseased gingival pockets, has been shown to increase the reverse transmigration capabilities of DCs and production of CXCL12 during chronic periodontitis (77) .
In summary, our data show a mechanism whereby an intracellular pathogen may exploit and redirect the highly migratory function of DCs to sites of neovascularization, such as atherosclerotic plaques (22) , all the while preventing immunoelimination by the acquired immune response. Chronic periodontitis is strongly associated with various extraoral systemic inflammatory diseases, and here, we provide a model for the possible contribution of coinfection leading to exacerbation of widespread inflammation. As many chronic infections and inflammatory sites are characterized by increased vascularization, we believe that this can be a broad microbial pathogen strategy to escape localized immunity and sequester into the bloodstream. By disrupting the highly regulated DC migration process, pathogens can direct their own dis- This work was supported by U.S. Public Health Service Grants from the National Institutes of Health/National Institute of Dental and Craniofacial Research (R01 DE014328 and R21 DE020916 to C.W.C, K23 DE018187 to J.C., and F30 DE021649-01 to E.S.). The funders did not have a role in study design, data collection, manuscript preparation, or publishing.
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